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Summary

The CFD modeling used has produced reasonably good global upper-surface pressure coefficient
comparisons with measured flight data at both transonic and subsonic speeds at the angles of
attack presented. Boundary layer comparisons showed the profiles to be reasonably well
predicted inboard and under the primary vortex system. However, the secondary vortex profile
was not well predicted either at the anticipated separation point or under the secondary vortex.
Moreover, the flight data showed there to be a vortex/boundary-layer interaction that occurred in
the vicinity of the secondary vortex. The spanwise distribution of local skin friction measured
data was reasonably well predicted, especially away from the wing leading-edge. Lastly,
predicted and measured flight-pressures, as well as flight-image data, for the F-16XL-1 airplane
are now available via the World Wide Web.

Introduction

The increasing capability of CFD to simulate real airplane geometries and flow conditions is
found in the literature for both fighter and transport airplanes, for example, the F-18 HARV
(ref. 1) and the MD-11 (ref. 2). In the continuance of that trend, this report details the results of a
comparative study of CFD and flight data for the F-16XL-1 airplane (fig. 1) over a wide range of
test conditions from transonic to subsonic speeds. Though this airplane is not new, its cranked-
arrow planform is relevant to any high-speed (supersonic) fighter or transport configuration.

Figure 1. F-16XL-1 airplane in flight with missiles, tufts, modified flow-visualization paint-
scheme and video targets at NASA-Dryden.

When the F-16XL-1 airplane was new, the kinds of testing done were related to its operational
characteristics (refs. 3 and 4) and not focused on an understanding of its basic flow physics, the
subject of the current investigation. (This airplane is not to be confused with the two-seat version
- the F-16XL-2 airplane - detailed in reference 5 and which was used to examine the boundary
layer flow for the Supersonic Laminar Flow Control flight experiments; work done in support of



theHighSpeedResearchprogram.)Theflow physicsunderstandingsoughtfor theF-16XL-1
airplanewasthe subjectof the Cranked-ArrowWing AerodynamicsProject(CAWAP),as
reportedin reference6, andconsistedprimarilyof surfacefeatures,suchaspressures,localflow,
boundary-layers,andskinfriction.Selectedcomparisonsof predictedandmeasuredquantitiesat
lg -flight from reference 6 form the scope of this paper. Geometrical consistency between the
full-airplane, including wing-tip mounted missiles and tail, and the CFD model was also an
important issue for the CAWAP. Reference 6 notes that reasonably good overall agreement was
achieved - the agreement very good over much of the wing - between the upper-surface outer-
mold-line and the numerical-surface-description of the airplane with the flaps undeflected.
Hence, the expectation is that the predicted results will adequately represent the flow physics
measured on the airplane.

Extensive use of the World Wide Web was made to generate the comparisons presented herein.
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butt line on airplane, in., positive on right wing (see fig. 2)
Computational Fluid Dynamics
Cranked-Arrow Wing Aerodynamics Project
static-pressure coefficient
local skin friction coefficient

Experimental Fluid Dynamics, flight- or ground-based measurements
Electronic Scanning Pressure
Flow Analysis Software Toolkit
Flight Condition (see ref. 6)
fuselage station on airplane, in., positive aft (see fig. 2)
acceleration due to gravity; 32.2 ft/sec 2
heads-up display
airplane altitude, ft
inside diameter
grid indices
leading edge
free-stream Mach number
outside diameter
Reynolds number
vortex core radius
absolute temperature, °R
ratio of velocity magnitude in boundary layer to that at the Rake
Extreme total-pressure tube
waterline on airplane, in., positive up (see fig. 2)
fractional distance along the local chord, positive aft
normal distance above the surface at a rake location, in.

Rn like term for flat-plate turbulent boundary layer
angle of attack, deg
angle of side-slip, deg

Subscripts

avg average value
nom nominal value
u upper surface

F- 16XL- 1 Airplane and CFD Modeling

General arrangement

The F-16XL-1 airplane is a single-place fighter-type prototype airplane developed by the General
Dynamics Corporation-Ft.Worth Division (now the Lockheed Martin Tactical Aircraft Systems)



by stretchingthefuselageof aFull-ScaleDevelopmentF-16Aandaddingacranked-arrowwing,
a modifiedfuel system,anda modifiedflight controlsystem.This airplanehadscheduled
leading-edgeflaps,elevons,andaileronson thewingfor control.Thetechnicalspecificationsfor
theairplanearegivenin Table1. Detailson theconstructionof theairplaneandits intended
missionsaregivenin references3,4,and7.

Table 1.- Airplane Specifications

Feature Value

Wing Span

Height

Length
Reference Chord

32.4 ft.
17.606 ft.

54.155 ft.

24.7 ft.

Theoretical Root Chord 411.75 ft.

Wing Area

Reference Wing Area

Reference Aspect Ratio

Typical Takeoff Weight
Engine; Max Thrust

646.37 ft2

600 ft 2

1.75

35,000 lbs.

Pratt & Whitney F100-PW-200; 23,830 lbs.

The design of the cranked-arrow wing was a cooperative effort of the NASA Langley Research
Center and the General Dynamics Corporation. The new wing was designed to provide the F-16
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Figure 2. Three-view drawing of the F-16XL-1 airplane.
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airplane with improved supersonic performance while maintaining transonic performance
comparable with that provided by the current F-16 design. As shown in figure 2, the resultant
design had a leading-edge sweep angle of 70 ° inboard and 50 ° outboard of the crank. At the
juncture of the wing leading edge with the fuselage, an "S-blend curve" was placed in the
leading edge to alleviate a pitch instability that occurred at high angles of attack in wind-tunnel
tests. Because the wing sweep and general arrangement of the cranked-arrow wing of the
F-16XL-1 are still representative of high-speed configurations, this airplane was selected for
study. All flight tests reported herein were with the air dams - upper-surface fences mounted
near the wing leading-edge crank- and wing-tip missiles installed, as shown in figures 1 and 2.

Instrumentation suite

Seven different kinds of flight data were collected; four are shown schematically in figure 3.
Three were pressure based- surface static pressures, boundary-layer rakes, and modified Preston
tubes (ref. 8); three were video-recording based- surface tufts, surface oil and surface liquid
crystals; and one was hot-film data. The pressure and surface-flow-data are used for the purpose
of establishing the effects of variation in Mach number on the local flow. These data serve as the
basis for comparison with other data sets. The hot-film data are used to establish whether
boundary-layer transition occurs and under what test conditions. (See reference 6 for a complete
set of comparisons.)

Leading

edge

Flush and belt

static ports

Hot-film sensors
Boundary-layer rakes Modified Preston

tubes

Figure 3. Schematic of airplane instrumentation suites on the surface of the airplane.

Pressure suites

Figures 4 and 5 detail the complete pressure instrumentation system layout on the airplane,
including the distribution of the static ports by type, belt or flush, and boundary-layer rakes or
modified Preston tubes. These static ports are connected to internally mounted Electronically
Scanning Pressure (ESP) transducers - also called modules - through 0.0625 inch O.D. tubes
(0.028 inch I.D.). Each pressure-tube in the belt was used to measure two separate values of
pressure. This measurement was accomplished by sealing each tube about halfway along its
length, thereby provision was made for one forward and one aft port. The numbers associated
with the belt static ports in figure 4 were the values of the actual ports for that belt.



Theright-wingsurfacepressures- mostlyuppersurface- weremeasuredusing337staticports,
bothflushandin streamwisebelts,througheleven32-portESPmodules.(Fortheleading-edge
ports10psimoduleswereusedand5 psimoduleselsewhere.)Of these337ports,only 326
provedto bereliableandthedistributionwas280ontheuppersurfaceand46onthelower. The
portswerearrangedsothattherewouldbea sufficientnumberat a givenBL or FSfor cross
plotting,aswell asfor coveringotherregionsof specialinterest;i.e., theapexaheadof/and

ESP (trtmsducers)
.... Flush static ports with number

Belt static ports with number

21 31
21 16
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BL 36.0-39.0
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J/-Preston tubes (16) /--'Actuator
Boundary-layer _ (2 ports each)

rakes (2) i / pod
(16 ports each)

Air

Figure 4. Details of complete-pressure-instrumentation suite and layout on the airplane.
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Figure 5. General arrangement of rake and modified Preston tube locations on F-16XL-1
left wing; pressure instruments oriented for c_=13°; M==0.29; and Rn-46.1x106.



behindthehinge-linesof thetrailing-edgecontrol-surfaces.

Boundary-layer(B.L.)measurementsweremadeby usingtwo rakesat atimeat fourdifferent
positionsontheleft wingwiththemostinboardonealwaysusedasacontrol.Eachrakeused16
activetubes,15totalpressureand1staticpressure,of the23available.Thesetworakeswere
connectedto one32-portESPmodulelocatedinsidetheleftwingWhenmountedontheairplane,
eachrakewasorientedintothelocalflowatanaverageangleoveritsheightbasedoninitialCFD
predictionsfrom theCFL3Dcode(refs.9 and10). Theflowconditionswerefor thecomplete
airplane(half-airplanemodeledwithsymmetryassumed)ct= 13°, M_= 0.29andRn - 46.1x106;
i.e. Flight Condition (FC) #7.

Figure 5 shows the four locations chosen - one well inboard of the shed vortex systems, one
underneath the primary vortex, and two associated with the secondary vortex, both underneath
and at its separation point; all are at a nominal position of FS~295 along the predicted orientation
which takes into account the flow at and slightly off the surface. The average of these local flow
directions was used to establish the rake orientation angles. The average of the local flow at- and
slightly off-the-surface were used to establish the rake orientation angles for FC#7. This figure
also shows the relative locations of the modified Preston tubes. They were to be located at the
same fuselage station as the boundary-layer rakes, but a more aft position for the tubes was
necessitated due to easier airplane installation and to avoid the flow off a step in the leading-edge
region.

The 16 modified Preston tubes (See figs. 3 and 5) - the modification to each Preston tube is the
integration of a static pressure port with the total pressure tube- are used for the determination of
local skin friction across the left wing near FS 330. These 32 pressures use the same ESP as the
rakes but not on the same flight. The tubes were aligned with the local flow by using the same
initial CFL3D solution at FC#7. The equation used to generate the EFD cf values comes from
reference 8 and relates, through a process of calibration, the pressure change between the total
and static tubes to the local skin friction.

Camera 3

Camera 5
Camera 7 Camera 1

(HUD)

Camera 6
Camera 2

Camera 4

Figure 6. Locations of the video suite on the F-16XL-1 airplane.



Videosuite

Videodatawererecordedwithupto sixexternalcameras:twomountedatoptheverticaltail,one
oneithersideof thefuselagebehindthecanopy,andonein thenoseof eachdummymissile.An
internallymountedheads-updisplay(HUD)camerawasalsousedonoccasion.Figure6 shows
thecameralocationson theairplane.Thetimewasaddedto eachimagebya time-codeinserter
(SeeappendixC of ref. 6) sothattheimagescouldbecomparedto form acompositeandthe
flight testconditionscouldbeestablished.Imagesof interestweredigitizedin a512-by 480-
pixelformatfor furtherprocessingto developquantifiablevideodata. In additionto theimages,
theotherinputquantitiesneededfor theprocessesarethevideotargetsandthepositionand
calibrationcharacteristicsof eachcamera/lenscombination.

CFDmodeling

TheflowsolvercodeCFL3Dwasmnin theNavier-Stokesmodewithaturbulentboundarylayer
employingtheBaldwin-LomaxwiththeDegani-Schiffturbulencemodel(in thej-k directions) on
a multiblock, patched grid over a variety of wind-tunnel and flight test conditions. Two separate
grids were used to model half the airplane configuration (with undeflected control surfaces) and
external flow field. The initial grid had 36 blocks and was used with version 3 of the flow solver
to produce the initial results upon which the locations and orientations of the surface
instrumentation were set. The current grid had 30 blocks and was used with version 5 of the flow
solver to obtain the comparative solutions reported herein. The current grid was needed for two
reasons: (1) to have the grid more closely conform to the actual fuselage and wing geometries and
(2) to improve the grid layout on the wing and fuselage surfaces; for either grid the missile- and
missile-rail-grids which were effectively unchanged. For the current grid, the inner region of the
airplane was modeled by 16 blocks, the outer region by 14 blocks, and all 30 blocks are shown
schematically in figure 7. The boundary conditions were symmetry, solid wall for the outer mold
lines, flow into the duct inlet with the exhaust face faired over, and Riemann-type conditions at
the far-field boundaries. A total of 1,372,096 cells (1,707,117 node points) were used to obtain
solutions at specified test conditions (i.e., (z, M=, grid R n, T, etc.). To maximize computer
resource allotments, the minimum number of cells was used. The resulting grid spacing normal
to the numerical surface led to a value of y+ of 2 at wind-tunnel R,, whereas at flight R, the
average value was y+ of 82. In an effort to compensate for the insufficient grid spacing at flight
conditions, the "wall function" option was used to augment the turbulence model in CFL3D. The
wall function is defined as that boundary-layer growth rate expected from a turbulent mean flow
near the wall (ref. 11).

Fuselage

Inboard upper wing

()ut!>o_rd upper _ving

Outboard leading edge

Inboard leadina edae

Wake

(a) Inner.

Figure 7. CFD block structure layout for F- 16XL- 1.



Transonic Comparisons

(b) Outer.

Figure 7. Concluded.

Upper surface pressures

Figure 8 was developed by using FAST (ref. 12) and shows an overall comparison of CFD and
flight Cp data at cz = 4.4 ° and Moo= 0.97 (FC#70- Flight 152 Run 5B). Here the CFD solution
data serve as the background-color mirrored about the centerline and with the flight Cp data
superimposed. The flight port locations are denoted as black-dots and the associated Cp values by
the color of the surrounding bubble-outline. The comparison, including the insert, indicates there
to be very good overall agreement using this global Cp scale in that the colors of the bubble-
outlines are virtually indistinguishable from the CFD over the wing. However, chordwise and
spanwise comparisons are still needed because the Cp global scale at FC #70 is too large for the
entire upper-surface of the airplane to capture the details that exist over just the wing alone.
These are provided in reference 6 and summarized as follows: remarkable detail agreement was
noted to occur all along the leading edge and not only there but along the chords at BL of 40
and 55. Regarding the interest in whether a shock crosses the hinge line of an aft control surface
could be detected in flight and predicted at BL=153.5, a shock is noted to occur near x/c=0.75 in
the flight data. This location is aft of the aileron hinge line, and this feature is not captured by the
CFD of the configuration with undeflected control surfaces.

Upper surface pressure contours

Figure 9 shows Cp upper-surface contours at the same transonic conditions denoted in figure 8 at
both flight and CFD. (CFD contours are generated using FAST (ref. 12) and flight contours from
Tecplot (ref. 13).) There are many similarities between these contours; overall, the CFD
pressures are more negative, especially near the leading-edge and over the aft part of the wing.
Along the inboard edges, aft about one-third of the distance from the S-blend curve, both the
flight and CFD data of figure 9 show a shock followed by an expansion, whereas outboard only
the flight data show a shock aft centered near the aileron hinge line. This elevon shock in flight
has been previously noted, and because it does not show up in the CFD solution is most likely
attributable to differences in the control-surface deflections. The CFD modeling is with the
control surfaces undeflected, whereas the flight experiment has small, but measurable, trailing-
edge deflections.



Figure8. PredictedandmeasuredflightCp,udistributionof F-16XL-1atFC#70(_ =4.4°;
Moo=0.97"Rn - 88.77x 106).

Figure 9. Predicted and measured flight Cp,ucontours of F-16XL-1 at FC#70 (_z - 4.40.
M== 0.97; Rn = 88.77x106).



Subsonic Comparisons

At (_ = 5.5 °

Upper surface pressures

Figure 10 presents overall comparisons of CFD and flight Cp data for (z = 5.5 ° and Moo= 0.52
(FC#1 - Flight 152 Run 12B). This figure shows the general overall-agreement to be good in that
the colors of the bubble-outlines are indistinguishable from the CFD surface, with its associated
Cp color bar, over a large part of the wing. Where differences are noted in this figure, the flight
values are seen to be more positive than the CFD values with the exception of six ports in the
apex region.

Figure 10. Predicted and measured flight Cp, u distribution of F-16XL-1 at FC#1 (_ = 5.5°;
M_,= 0.52; R, = 77.71x106).

At c_ = 10.4 °

Upper surface pressures

Figure 11 presents overall comparisons of CFD and flight Cp data for (x = 10.4 ° at Moo= 0.53
(FC#46- Flight 144 Run 3B) and similar overall agreement is noted to occur at this value of _.
Differences noted between the two data sets appear less here due in part to the expanded Cp
range. Figure 11 shows some similar patterns to those in figure 10, in that where differences do
occur the measured values are generally more positive; however, here they are primarily
restricted to the forward part of the wing. The exceptions occur in the apex region where the
insert illustrates the measured suction pressures for five ports to be more negative than predicted,
that is, a region of strong vortex influence.
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Figure11.PredictedandmeasuredflightCp.,distributionof F-16XL-1atFC#46(_ - 10.40°;
M==0.53;Rn=46.90x106).

Surface streamlines and vortices with flight tufts

Figure 12 was constructed using FIELDVIEW software (ref. 14) and shows the fusion
(overlaying) of surface tuft images from three flight-cameras with CFD surface streamlines and
vortex-core representation at c_ = 10.4 ° and M= = 0.53 (FC#46). In particular, figure 12(a)
presents the combination of the three flight-camera images projected onto a grid representation of
the airplane. Figure 12(b) shows the CFD surface streamlines to compare well with these tuft
images. Figure 12(c) presents iso-surfaces of the stagnation pressure (PLOT3D (ref. 15)) at a
value of 0.78 and represents the locations and extent of the various airplane vortex systems.
Figures 12(b) and (c), with transparency employed for the vortex systems iso-surfaces, are
combined to form figure 12(d). As expected from the results of the surface comparison, the
vortex system is well located with respect to the flight tufts.
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(a)Tuft-imagesprojectedfromthree-camerasontoairplanegrid.

(b)Combinationoftuft-imagesandCFDsurfacestreamlines.
Figure12.F-16XL-1three-cameraflight tuftdataandCFDsolutionatFC#46(_ - 10.40°;
M==0.53;Rn - 46.90x106).
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(c)VortexsystemsdeterminedfromCFDstagnationpressures(PLOT3D)at0.78.

(d)Combinationoftuft-images,streamlines,andvortexsystems.

Figure12.Concluded.
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At g = 11.89°

Upper su(ace pressures

Figure 13 presents the overall CFD distribution of Cp data at cz = 11.89 ° and M== 0.30 (FC#7 -
Flight 145 Run 16B). Unfortunately, the flight Cp data are not recoverable for this flight and
therefore no comparison with CFD can be made. An even larger problem is that FC#7 was to be
the primary one for doing all surface flow physics comparisons, hence we are missing one large
piece. This figure does show some interesting patterns of relative high suction associated with
vortices, three inboard and at least two outboard of the crank. The impact of the inboard vortices
will become clearer in the following discussion.

Figure 13. Predicted Cp., distribution of F-16XL-1 at FC#7 ((z- 11.89°; M== 0.30;
R_ = 44.4x 106).

Boundao, Layer Profiles

Figures 14(a), (b), (c), and (d) show the comparison of measured and predicted boundary-layer
profiles for rake locations #3, #4, #7, and #5, respectively, at FC#7. These locations were chosen
because they had flows which should be markedly different at %ore = 13° and subsonic speeds.
At these respective positions, the flows range from (a) being nearly streamwise, (b) underneath
the primary vortex, (c) at the secondary separation line, and (d) underneath the secondary vortex.
Figure 14(a) also presents an estimate of the profile repeatability for rake #3 because this position
was used as a control, flown with each of the others, and had the most benign flow. As can be
seen, the experimental velocity ratios only have a small deviation from one another, and the
profile is well estimated for y>0.25. For y<0.25, the measured profile develops more quickly
near the surface than predicted, even with the "wall function" option being used in CFL3D.

Underneath the primary vortex (rake #4 location), figure 14(b) shows qualitative agreement
between the measured and predicted results but not quantitative. In particular, for y<0.25 the
predictions are less than measured, and for y> 0.25, the reverse is tree. Moreover, both results
indicate a jet-type flow to commence at y> 0.3. Both flows also show regions of quasi-linear
variation of velocity with y, indicative of being outside the boundary layer and just into the
influence of the primary vortex.
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(c) Rake #7. (d) Rake #5.

Figure 14. Predicted and measured velocity profiles for boundary-layer (B.L.) rakes on
F-16XL-1 at C_avg= 11.89°; 13nora= 00; M_,avg = 0.30; h = 5000 ft; and R, = 44.4x106.

In the vicinity of the secondary vortex there is general disagreement between the measured and
predicted values, as shown in figures 14(c) and 14(d). The predicted values are significantly
different, whereas the measured ones look to be similar; moreover, the measured values do not
look like what is seen at rake #3 or #4, figures 14(a) or 14(b), respectively. Regarding the
EFD/CFD disagreement for rake #7, the predictions indicate that at the originally estimated
location of the secondary separation line, the profile develops the edge velocity value only a
small distance off the surface and thereafter retains that level. This constancy is in contrast to the
measured values which only reach edge velocity near the rake extreme. The measured velocity is
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notasymptoticat therakeextreme;thisleadsto theconclusionthatthemaximumvelocityhas
notbeenachievedat this location.Themeasuredprofilefor rake#5,underneaththeoriginally
estimatedlocationof the secondaryvortex,alsoonly achievesedgevelocity nearthe rake
extreme;however,the predictedvaluesaremarkedlydifferentwith jet-typeflow velocities
occurringnearthesurfaceovermostof therakeheight. ComparingonlytheEFDprofilesfor
rakes#7and #5 in figure15(a)showsthevelocitydistributionsareverysimilar. Althoughthe
planwasto usetheresultsof aninitialCFDsolutionto measuretwo differentboundary-layers
profilesassociatedwith twodifferentfeaturesof thesecondaryvortexoverthispartof thewing,
it isapparentthatonlyonewascaptured.Thequasi-lineargrowthof velocityfor y>0.5forthese
profilesis associatedwith vorticesaroundtheseboundary-layerrakesbecausethevelocity-field
producedoutsidearepresentativevortex-systemcorevarieslike 1/r.

Eventhoughthesepredictedboundary-layerprofilesweredifferentthanthosemeasured,some
understandingof thelocalflow measuredcloserto thesurfacemaybegainedby examiningthe
final CFDsolution. Figures15(b)and(c) havebeenpreparedfor thatpurpose.Figure15(b)
showsthestagnationpressurecontoursat FS295anda representationof thesetwoboundary-
layerrakes. Fromthis figure,onecanseethatthetworakesarecomputationallylocatedin
betweenthesecondaryvortexandathirdvortex-system,asindicatedby thestreamwiseribbons,
andarenotat theplannedpositionsassociatedwith thesecondaryvortex. (Becausethethird
vortexsystemis locatedoutboardof thesecondaryvortex,this systemis notcalleda tertiary
vortex.Moreoveratertiaryvortexwouldbeundermoreof theinfluenceof thesecondaryvortex
thanit wouldbeof theprimarysystem.)Figure15(c)locatestheoriginof thethirdvortexsystem
ascomingfromthatportionof theflowwhichcrossestheapexin theS-blendcurveregionand
fromthereproceedsovertheprimaryvortex.Hence,thisflow getssweptundertheprimaryand
movesoutboardwhereit remainsin thevicinityof thewingleadingedge,inboardof thecrank.
This flow interactionaccountsfor thethirdvortexsenseof rotation. Sucha vortexsystemis
unexpected,notseeninexperiments,andmostlikelyanartificeof thisCFDgrid/solution.

Consideragainthemeasuredvelocityprofilesof rakes#7and#5 in figure15(a).Basedon the
closeproximityof thesetworakes,onlya singlevortexsystemoutboardof theprimaryvortex
canbeconfirmedandit is thesecondaryvortex.Moreover,theactualsecondaryvortexmustbe
moreoutboard,andmostlikely larger,thanthepredictedoneshownin figure 15(c).This flow
featureis dueto bothrakesbeingencompassedby the actualsecondaryvortexandthethird
vortexnotreallyacontributor.

1.2

1.0

o

f _ Flt135.Run12N Rake 5

__1

LE /

0 .2 .4 .6 .8 1.0 1.2 1.4 1.6 1.8 2.0

y, in.

(a) Measured velocity profiles.

Figure 15. Off-surface flow features for boundary-layer rakes #7 and #5 on F-16XL-1 at
Oqvg= 11.89 °; _ nom -" 0 °', Moo,ave = 0.30; h = 5000 ft; and R n = 44.4 x 10 6 and FS 295.
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(b) Some predicted vortex systems on inboard wing.

Skin friction

(c) Origination of predicted vortex systems on inboard wing.

Figure 15. Concluded.

Figure 16 provides the measured and predicted cf values at FS 330 for similar conditions in flight
and for CFD. This figure can be used to locate and to assess the impact of the vortex systems
because they produce high velocities on the surface which are measured by the modified Preston
robes. Qualitative agreement in shown because both data sets have at least two regions of high cf,
which is indicative of primary and secondary vortices. These vortices occur at BL values near
one another; for example,-89 versus -84 for the primary and-108 versus -103 for the secondary,
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with themeasuredresultsgivenfirst. Thesignificantdifferencesfor theprimaryvortexare(1)
themorerestrictiverangeof BL overwhichthevortexinfluenceoccursin flight, and(2) the
greaterlevelsof cfreached,thatis, measuredlevelsare39percentlargerthanpredicted.Forthe
secondaryvortex,the measuredandpredictedlevelsarecomparablebut thepredictedvortex
coversamuchnarrowerrangeof BL. Thisresultisconsistentwith thepreviousdiscussionof the
predictedvortexsystemsgivenin figures15(b)and(c)becausethepresenceof thethirdvortexis
expectedto reducethespanwiseextentof thesecondaryvortex. Moreover,at leasttwoothercf
plateausor peaksarepredictedoutboardof thesecondaryvortex,oneat BL -107andonevery
neartheleadingedgeatBL -113.Themostinboardplateauor peakis morelikely to reflectthe
presenceof thepredictedthirdvortexthantheoneveryneartheleading-edgebecauseatFS295
thethirdvortexis locatedlaterallymidwaybetweenthesecondaryvortexandtheleadingedge
(Seefig. 15(c)).
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Figure 16. Predicted and measured skin friction coefficient on F-16XL-lat 0_avg = 11.87°;
_nom-- 0°" M== 0.33; and Rn,avg- 45.6x106.

Concluding Remarks

The CFD modeling used has produced reasonably good global Cp comparisons with
measured flight data at both transonic and subsonic speeds at the angles of attack presented.

Regarding the boundary layer comparisons: the profiles were reasonably well predicted
inboard and under the primary vortex system. However, the secondary vortex profile was not
well predicted either at the anticipated separation point or under the secondary vortex.
Moreover, the flight data showed there to be a vortex/boundary-layer interaction to occur in
the vicinity of the secondary vortex.

The spanwise distribution of local skin friction measured data was reasonably well predicted,
especially away from the wing leading-edge.

Lastly, predicted and measured flight-pressures, as well as flight-image data, for the
F-16XL-1 airplane are available via the World Wide Web using reference 16.

\
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